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The plasma membrane is a ~4 nm thick phospholipid bilayer that defi nes the boundary of a cell, segregating internal content from the external environment. Its hydrophobic interior presents a barrier to the exchange of ions and polar solutes between the inside and outside of the cell, as well as to the spontaneous reorientation of lipids between the two leafl ets of the bilayer. Specifi c transport systems, e.g. ion channels and lipid fl ippases, are needed to enable the passage of these molecules across the plasma membrane at physiologically relevant rates. Although the infl uential fl uid mosaic membrane model of 1972 depicted the membrane as an archipelago of protein islands within a uniform sea of lipids, its micrometerscale lateral heterogeneity was recognized relatively quickly, evolving into the current picture of structural granularity at the nanoscale.
Also recognized early on, primarily through work on human red blood cells, was the concept of transbilayer lipid asymmetry and how it changes in response to physiological prompts to generate downstream effectors. For example, blood platelets sequester phosphatidylserine (PS) in the cytoplasmic leafl et of their plasma membrane, but when activated in response to blood vessel injury, they scramble the lipids in the two leafl ets of the membrane to expose PS at the cell surface where it functions as an essential cofactor in the conversion of coagulation proteins into a blood clot. The simple picture that emerged from these early studies of lipid asymmetry is one that is frequently shown in textbook depictions of the cell membrane: glycolipids and choline-containing phospholipids (phosphatidylcholine (PC) and sphingomyelin (SM)) are located mainly in the outer (exoplasmic) leafl et of the plasma membrane, whereas amino phospholipids (PS and phosphatidylethanolamine (PE)), and asymmetry of lipids across the plasma membrane bilayer is depicted in terms of lipid classes, e.g. PC, PS, and so on, it can be extended to the molecular species -acyl chain mixtures -that make up these classes. The acyl chain composition of lipids is a key factor in determining whether lipids partition into liquid-ordered or liquid-disordered domains that are distinguished by different degrees of lipid acyl chain order. Thus, liquid-ordered domains contain lipids with long, saturated acyl chains such as SM, whereas liquid-disordered domains consist mainly of lipids with low-melting temperature, such as PC molecules with a mixture of saturated and unsaturated chains. Interestingly, the long saturated acyl chains of lipids in one leafl et may cross the midline of the bilayer to penetrate into the opposite leafl et, pinning the leafl ets together. This inter-digitation process may cause physically similar lipid domains in the inner and outer leafl et to colocalize. Thus, despite its well-known compositional transbilayer asymmetry, the plasma membrane may display local regions of biophysical transbilayer symmetry via the co-localization of similar membrane domains in opposing leafl ets.
New techniques to evaluate lipid asymmetry
Recent methods to evaluate lipid distribution in cells have made use of biosensors -fl uorescent probes based on lipid-binding domains that can be expressed in cells or added to the medium. These methods have largely validated the classic picture described above while introducing some new details. For example, the PS-specifi c probe GFP-Lact-C2 (based on the PS-binding glycoprotein lactadherin, fused to green fl uorescent protein) detects PS at the cytoplasmic face of the plasma membrane and late secretory organelles when expressed in yeast and mammalian cells, but fails to detect PS when added to the cell culture medium. More recently, lipid biosensors and anti-lipid antibodies have been applied to the classic method of freeze-fracture for separating and visualizing the individual leafl ets of a membrane. In this method, which provides a dramatic 2D perspective of membranes, cells are frozen extremely quickly, within milliseconds, and then Primer phosphoinositides (phosphatidylinositol (PI) and its phosphorylated derivatives such as PI(4,5)P 2 (PIP 2 )) occupy the inner (cytoplasmic) leafl et ( Figure 1C ). In these depictions, cholesterol is usually inferred to be located in the outer leafl et by virtue of its predicted association with SM. The availability of new tools to probe lipids and the discovery of proteins that catalyze transbilayer lipid movement has resulted in some modifi cations to this textbook picture and a better understanding of the underlying molecular mechanisms.
In this Primer, we discuss the current view of transbilayer lipid asymmetry at the plasma membrane, briefl y consider information on lipid asymmetry in internal (organellar) membranes and discuss the importance of this feature of biological membranes for cell function and physiology.
The classic picture
The single membrane of human red blood cells (these cells are devoid of organelles) has often provided a good model for the analysis of membrane structure, including the assessment of plasma membrane transbilayer lipid asymmetry. In intact red blood cells, the amino phospholipids PE and PS cannot be modifi ed by amine-reactive membrane-impermeable reagents except when the membrane is disrupted, suggesting that these lipids are located in the inner leafl et. Not all lipids can be probed using chemical modifi cation, however. Consequently, the transbilayer distribution of PC, PI and SM was initially examined using enzymes, e.g. phospholipases, which cleave off elements of the lipid structure such as the polar headgroup or an acyl chain, and the extent of hydrolysis was used to quantify the fraction of a particular lipid that was located in the outer leafl et of the red blood cell membrane. A potential problem with lipid cleavage methods is that the reaction products are often detergent-like and may perturb membrane structure, affecting lipid distribution. Nevertheless, these studies provide the classic picture of lipid asymmetry in these cells, extrapolated to descriptions of the plasma membrane of nucleated cells: 65-75% of PC and >85% of SM are in the outer leafl et, whereas 80-85% of PE, >96% of PS and 80% of PI and PIP 2 are located in the inner leafl et. Although the transbilayer Current Biology 28, R367-R420, April 23, 2018 R387 physically cracked. The fracture plane passes through the hydrophobic middle of membranes, separating the monolayers. Treatment of the cracked surfaces with a vapour of platinum and carbon physically fi xes membrane lipids and proteins, so that lipid headgroups are exposed. The cast is then treated aggressively to remove all organic materials prior to analysis. A modifi cation of this method has been used recently to study lipid asymmetry. The new method, termed sodium dodecyl sulphate (SDS)-digested freeze-fracture replica labelling (FRL), hereafter SDS-FRL, combines the techniques of freeze-fracture sample preparation and immunoelectron microscopy, with the important distinction that mild SDS treatment is used to remove unfractured membranes and cytoplasmic components from the cast, a procedure that allows more than 70% of the lipids to be retained for subsequent detection using specifi c probes (Figure 1 ). In principle, this method is applicable to any membrane including the plasma membrane and organellar membranes of nucleated cells.
Quick freezing of the specimen and physical fi xation by evaporation of carbon under very low temperature are expected to minimize re-organization of the lipids during sample preparation. Detection of lipids in SDS-FRL depends on the specifi city and affi nity of lipid probes/sensors because lipids are not visualized directly. Until now, monoclonal antibodies (to PC, PI/PS, PIP 2 , PI(3)P, and the gangliosides GM3 and GM1), lipid-specifi c toxins (for SM and PE) and a reactive choline analog (PC/SM) have been employed in SDS-FRL. One disadvantage of some of these probes is their large size compared with that of lipids, permitting labeling of only a portion of the lipids in the membrane (with a detection limit ranging from 0.1% (PIP 2 ) to 1% (PC).
When red blood cells were examined by SDS-FRL, the transbilayer lipid distribution showed a more extreme asymmetry, differing from the classical view, i.e. all lipids examined (SM, PC, PE, and PS/PI) were found in either the outer or the inner leafl et. Application of the same technique to nucleated cells yielded largely similar results except for a key difference in the distribution of PC: thus, PC is found in both leafl ets of the plasma membrane of metazoans, and appears to be strongly and unexpectedly localized to the cytoplasmic leafl et of the plasma membrane of yeast cells.
How is plasma membrane lipid asymmetry generated and maintained?
The plasma membrane bilayer is in a constant state of fl ux: lipids are continuously supplied and removed via non-vesicular and vesicular mechanisms, and also transferred between the two leafl ets of the bilayer by ATP-dependent transporters. How is lipid asymmetry generated and maintained in the face of these dynamic interchanges? These questions are considered below using three lipids as examples.
SM and related ceramide-based glycolipids are synthesized in the lumenal leafl et of the Golgi apparatus, suitably positioned to enter the lumenal leafl et of secretory vesicles for eventual deposition in the outer leafl et of the plasma membrane. These lipids can be considered to be topologically 'locked' in the outer leafl et of the plasma membrane. However, some reports indicate the presence of a small amount of SM at the cytoplasmic surface of the plasma membrane and the Golgi apparatus, where it is a substrate for a neutral sphingomyelinase. The mechanism by which SM is transported to the cytoplasmic leafl et is not clear. Among glycolipids, glucosylceramide is uniquely synthesized on the cytoplasmic side of the Golgi apparatus and then transported into the lumen where it serves as a precursor for more complex glycolipids, including gangliosides. The Step 1: Cells are rapidly frozen and physically cracked, resulting in the separation of the two membrane leafl ets.
Step 2: Deposition of platinum/carbon on the exposed hydrophobic faces fi xes lipids and proteins, so that lipid headgroups are exposed. After treatment with SDS detergent to clean the replicas, lipids are detected by gold-conjugated reagents and their appearance in the outer (E (exoplasmic)-face) or inner (P (protoplasmic)-face) leafl et is quantifi ed. (B) Detection of SM and PE in E-face and P-face replicas. (C) Current picture of lipid asymmetry in the plasma membrane of human red blood cells based on SDS-FRL. Specifi c monoclonal antibodies were used to detect PC, PS/PI (the antibody could not distinguish these two lipids) and PIP 2 ; lysenin (a protein toxin) was used to detect SM, and duramycin (a peptide toxin) was used to detect PE.
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transporter that catalyzes its movement towards the Golgi lumen remains to be identifi ed, but, because it is synthesized on the cytoplasmic side and a substrate for cytoplasmic transport proteins, glucosylceramide may be the only glycolipid found on the cytoplasmic side of the plasma membrane.
What about phospholipids such as PC (both leafl ets) and PS (inner leafl et)? Most phospholipids are synthesized in the endoplasmic reticulum (ER) where the biosynthetic enzymes have their active sites oriented towards the cytoplasm. Newly synthesized phospholipids are integrated into the cytoplasmic side of the ER and then must be translocated across the ER membrane to populate the lumenal leafl et for uniform bilayer growth. This is normally a slow process -a phospholipid fl ips across the bilayer only roughly once per day -because reorientation of a polar lipid from one side of the membrane to the other requires the energetically demanding transit of its polar headgroup through the hydrophobic interior of the membrane. However, phospholipid scramblases (see next section) in the ER facilitate rapid bidirectional 'fl ip-fl op' of lipids to match the growth requirements of the cell. The transbilayer distribution of phospholipids across the ER membrane is thought to be largely symmetrical, with the exception of PS, which cannot be detected by biosensors on the cytoplasmic face of the ER in living cells and is also not present in the phospholipid monolayer of lipid droplets that is derived from the cytoplasmic face of the ER. Thus, the steady-state distribution of PS in the ER membrane appears to be strongly asymmetric with the majority of the PS pool being located in the inner (lumenal) leafl et (Figure 2 ). The molecular basis for PS asymmetry in the ER is unclear, but it may involve a saturable lumenal trapping mechanism, for example, Ca 2+ -mediated binding of PS to ER lumenal proteins. Consistent with this idea, cells that have high levels of PS due to unregulated PS synthase activity display the 'spill-over' PS on the cytoplasmic face of the ER. It is important to note, and not always appreciated, that it is possible to have strong lipid asymmetry -as in the case of PS in the ER membrane -despite the presence of constitutive lipid scrambling.
Both PC and PS are transported from the ER to the plasma membrane by non-vesicular and vesicular pathways. The former exchanges lipids from the cytoplasmic face of the ER with that of the plasma membrane, while the latter deposits lipids into both leafl ets as vesicles fuse with the plasma membrane. Because PC is found in both leafl ets of the ER membrane, it would eventually appear in both leafl ets of the plasma membrane. The classical view of PC as a strictly exofacial lipid in red blood cells was explained by the activity of ABC transporters that non-specifi cally move phospholipids to the outer leafl et, while P4-ATPases (see next section) restore specifi c lipids, such as PS and PE, to the inner leafl et. This paradigm is not necessary to explain the more symmetrical transbilayer distribution of PC in the plasma membrane of metazoan cells. Nevertheless, it is now appreciated that eukaryotic cells, from mammals to yeast, have PC-transporting P4-ATPases in their plasma membrane; the activity of these proteins may provide part of the explanation for why PC preferentially localizes to the cytoplasmic leafl et in the yeast plasma membrane.
The transport itinerary for PS is more complex. PS is situated mainly in the lumenal leafl et of the ER and the cytoplasmic leafl et of the plasma membrane, necessitating a change in sidedness en route. There are three points to consider, as illustrated in Figure 2 . First, ER phospholipid PS is synthesized on the cytoplasmic face of the ER and dynamically equilibrated across the ER membrane by a phospholipid scramblase (purple double-headed arrow). Most of the PS in the ER is in the lumenal leafl et. PS that accesses the cytoplasmic face of the ER as a result of scramblase action can be transferred to the mitochondria (mito) where it is converted to PE, or abstracted by transfer proteins that deliver it to the cytoplasmic face of the plasma membrane. Alternatively, PS traverses the secretory pathway in the lumenal leafl et of transport vesicles until it reaches the trans-Golgi network (TGN) where a P4-ATPase fl ippase (red arrow) fl ips it to the cytoplasmic leafl et, thereby promoting vesicle budding. Fusion of TGN-derived vesicles with the plasma membrane deposits PS in the cytoplasmic leafl et. Any PS that appears in the outer leafl et of the plasma membrane is fl ipped back to the cytoplasmic side by a P4-ATPase (red arrow). The plasma membrane has regulated scramblases (grey double-headed arrow) that are activated by Ca 2+ (TMEM16 scramblases) or caspase-mediated cleavage (Xkr8 proteins): when activated, these scramblases dissipate transbilayer lipid asymmetry, exposing PS at the cell surface. All membranes are depicted as a sandwich of two monolayers, coloured to indicate the presence (blue) or absence (orange) of PS.
Current Biology 28, R367-R420, April 23, 2018 R389 scramblases translocate PS rapidly and bidirectionally across the ER membrane. Therefore, despite its steady-state location in the lumenal leafl et, PS continuously samples the cytoplasmic side of the ER, from where it can be abstracted by lipid transfer proteins for delivery to the cytoplasmic face of the plasma membrane or to mitochondria, where it serves as a precursor of PE. Second, PS can be exported from the ER in transport vesicles that make their way through the secretory pathway. In this way, PS reaches the lumenal side of the trans-Golgi. However, at the trans-Golgi network, a P4-ATPase comes into play, transporting PS from the lumenal to the cytoplasmic leafl et to facilitate vesicle budding, while also causing PS to be delivered to the correct face of the plasma membrane. Finally, P4-ATPases at the plasma membrane fl ip any PS that may appear at the cell surface back to the cytoplasmic leafl et.
The topological dichotomy in PS display -cytoplasmic at the plasma membrane and lumenal in the ER (Figure 2 ) -produces a gradient of charge along the secretory pathway, with the ER displaying an approximately neutral cytoplasmic surface in contrast with the plasma membrane's strongly negatively charged cytoplasmic surface. The resulting charge gradient provides a mechanism for protein sorting because cationic proteins in the cytoplasm associate with the plasma membrane rather than the ER. Scramblase-mediated exposure of PS at the cell surface under very specifi c physiological settings generates a signal that is important in a wide variety of processes, ranging from blood clotting, bone mineralization, and apoptosis, to the diurnal phagocytosis of photoreceptor tips in the retina. Many of the consequences of PS exposure have been extensively reviewed (see Further Reading).
Transbilayer transport of lipids: fl ippases, fl oppases and scramblases
Transporters that mediate the transbilayer movement of lipids play key roles in generating and maintaining plasma membrane lipid asymmetry as discussed above. These proteins fall into three broad categories: fl ippases, fl oppases and scramblases. The former use energy derived from ATP hydrolysis to fl ip (out-to-in) or fl op (in-to-out) lipids across the bilayer, respectively, whereas scramblases facilitate the bidirectional movement of lipids in an ATP-independent manner. Unlike the ER, which has a constitutively active scramblase to enable bilayer growth, plasma membrane scramblases are activated by physiological prompts.
The activity of plasma membrane fl ippases was fi rst reported in the 1980s via elegant visual experiments. On adding phospholipids to red blood cells, the cells were observed to change shape to accommodate the excess lipid in their outer leafl et while keeping the two leafl ets of the plasma membrane bilayer coupled. Thus, the cells changed from doughnut-like discocytes to spiky echinocytes when PC was added; however, when PS or PE were added, the shape change gradually reversed as the phospholipids were fl ipped to the inner leafl et. Shape reversal was not seen when ATP levels were depleted. These experiments led to the concept of an 'aminophospholipid translocase' -an ATP-requiring transporter that selectively moved PS and PE from the outer to the inner leafl et of the plasma membrane. The eventual identifi cation of these translocase proteins in the mid1990s revealed them to be members (P4 subgroup) of the P-type ATPase superfamily that includes ion pumps such as the Na Floppases are ABC transporters, members of a superfamily that includes the multidrug resistance transporters. These proteins span the membrane a dozen times, and possess two nucleotide-binding domains that act in concert to couple ATP hydrolysis to substrate transport. Although their role in regulating transbilayer asymmetry has not been established in experimental detail, fl oppases are invariably invoked as providing a non-specifi c lipid transport activity to balance that of the more specifi c P4-ATPase fl ippases. As discussed above, a fl oppase may be key to generating transbilayer PC asymmetry at the plasma membrane in red blood cells.
Recent discoveries identifi ed two classes of plasma membrane phospholipid scramblases belonging to the TMEM16 and Xk-related (Xkr) families of integral membrane proteins. When activated, these proteins cause rapid dissipation of plasma membrane lipid asymmetry, resulting in the cell surface exposure of inner leafl et lipids, the most physiologically consequential one being PS. The triggers that activate the two types of plasma membrane scramblases are different. Xkr proteins are activated by caspase cleavage, resulting in PS exposure that marks apoptotic cells for clearance by macrophages. In contrast, TMEM16 scramblases are activated by increases in intracellular Ca 2+ , exposing PS as an effector in several physiological pathways, including blood clotting and bone mineralization. A defect in TMEM16F prevents PS exposure in activated platelets, leading to the bleeding disorder known as Scott syndrome. Scramblase-mediated lipid translocation rates are high, exceeding 10,000 lipids per second in reconstituted systems. In contrast, ATP-driven transporters are relatively sluggish, moving 10-100 lipids per second according to their rate of ATP hydrolysis (one molecule of ATP is hydrolyzed per translocated lipid). Despite the apparent mismatch in transport rates, inactivation of fl ippases by the same triggers that activate scramblases appears to be important for PS exposure.
Unexpectedly, G-protein-coupled receptors (GPCRs), such as the visual pigment rhodopsin (a resident of the disc membrane of retinal rod cells) and the 2-adrenergic receptor were found to have robust scramblase activity when reconstituted into synthetic vesicles. The functional signifi cance of this activity is not clear, but several interesting possibilities have been put forward. For example, rhodopsin-mediated lipid scrambling has been proposed to counterbalance the unidirectional lipid transport activity of a retinoid-clearing ABC transporter in the discs of retinal photoreceptor cells. GPCRs are localized to the plasma membrane in resting cells and here they are unlikely to be active because otherwise they would constitutively catalyze scrambling of R390 Current Biology 28, R367-R420, April 23, 2018 plasma membrane lipids. It is possible that the high cholesterol content of the plasma membrane or its preponderance of phospholipids with saturated acyl chains plays a role in silencing the scramblase activity of these proteins. It is interesting to note that newly synthesized GPCRs are fi rst integrated into the ER membrane before entering the secretory pathway and could contribute to the elusive scramblase activity that is needed in the ER for bilayer biogenesis.
How do scramblases and fl ippases work? The credit card model (Figure 3 ) provides a general conceptual framework for understanding how these transporters are able to handle amphipathic molecules. Thus, the polar component of the lipid (the headgroup) is shielded by the protein during transbilayer transit, while its hydrophobic tail stays associated with the membrane, analogous to the swiping of a credit card through a card reader. The structure of a TMEM16 scramblase revealed by X-ray crystallography shows a membranefacing, transbilayer hydrophilic groove that could provide the card-reader function, and mutagenesis experiments in conjunction with molecular dynamics simulations provide strong support that this is indeed the case. Likewise, molecular dynamics simulations reveal that the opsin GPCR dynamically creates a card-reader groove through which phospholipids can be swiped. Additional structural, functional, and computational analyses will be required to elaborate these early insights.
The cholesterol enigma
Cholesterol has been called 'the central lipid of mammalian cells', not least because of its ability to regulate membrane structure by condensing lipids with unsaturated acyl chains and preventing saturated lipids from forming a physiologically inappropriate gel phase. It is highly concentrated in the plasma membrane where it represents one out of every two or three lipids. Because of the cross-sectional mismatch between its large hydrophobic ring structure and small polar headgroup, cholesterol cannot form a membrane bilayer on its own. Instead, it is most soluble in membranes containing phospholipids with large headgroups and saturated acyl chains, such as SM, and saturated PCs that act as umbrellas to shield its hydrophobic core from water and vice versa. Because SM and a fraction of PC are located in the outer leafl et of the plasma membrane, it is also assumed that this is where the majority of plasma membrane cholesterol will be found. However, the transbilayer distribution of cholesterol has been controversial, as reports based on experiments performed using different techniques and various cell types indicate that the proportion of cholesterol in the outer leafl et of the plasma membrane ranges anywhere from <20% to >90%. Some of this disparity can be traced to technical issues. For example, because cholesterol fl ip-fl ops rapidly across the plasma membrane, any attempt to sample it in the outer leafl et, e.g. by extraction with reagents such as cyclodextrin or oxidation using bacterial cholesterol oxidase, only serves to drive it from the inner to the outer leafl et, thereby exaggerating the outer leafl et pool.
Recent measurements of the transbilayer distribution of cholesterol have made use of bacterial toxins that bind to it. Non-cytolytic forms of these toxins (such as D4, the fourth domain of Clostridium perfringens -toxin) can be expressed in cells as fl uorescent fusion proteins, or prepared as purifi ed recombinant proteins to detect intracellular and exoplasmic cholesterol. However, D4's ability to bind cholesterol is infl uenced by lipid environment and subject to threshold behavior, wherein binding only occurs when cholesterol levels exceed the capacity of a particular lipid environment. Thus, despite the promise of these biosensors as tools to visualize cholesterol in living cells, the best use of these molecules may be to monitor changes in cholesterol distribution rather than to quantify absolute amounts or ratios that would be needed to determine precise transbilayer asymmetry.
The most convincing measurements of transbilayer sterol asymmetry in the plasma membrane make use of dehydroergosterol (DHE) and cholestatrienol (CTL), fl uorescent sterols that closely resemble cholesterol and yeast ergosterol. Whereas the direct incorporation of exogenous phospholipids into the membrane does not occur frequently in mammalian Current Biology 28, R367-R420, April 23, 2018 R391 cells, 30-50% of cellular cholesterol is derived from exogenous lipoproteins and cholesterol delivery is possible using cyclodextrin-cholesterol complexes. Thus, exogenously supplied cholesterol readily equilibrates with endogenous pools. Taking advantage of this, it is possible to load DHE or CTL into cells and quantify their subcellular and transbilayer distribution by fl uorescence imaging and collisional quenching using membrane-impermeant quenchers. The majority of the fl uorescence in DHE-loaded cells localizes to the plasma membrane and the endocytic recycling compartment. Upon adding quenchers to the cells, very little DHE fl uorescence is lost; however, microinjection of the quencher results in signifi cant loss of fl uorescence from the plasma membrane as well as the endocytic recycling compartment, indicating that DHE is predominantly localized to the cytoplasmic leafl et in both compartments. Similar data were obtained with DHE-loaded yeast where conditions could be found such that the entire complement of yeast ergosterol was replaced with fl uorescent DHE. The conclusion from these studies is that sterols are asymmetrically distributed in the plasma membrane, with ~70-80% in the cytoplasmic leafl et. If cholesterol represents ~40 mol% of all plasma membrane lipids, and 70% of it is in the inner leafl et, then the concentration of cholesterol in the inner leafl et is ~56 mol% of inner leafl et lipids, within the range of its measured solubility in PE and PC bilayers (~50 mol% and 66 mol%, respectively).
The mechanisms responsible for positioning the majority of cholesterol in the inner leafl et of the plasma membrane are not understood. Cholesterol fl ip-fl ops rapidly across fl uid membrane bilayers on account of its small polar headgroup, and can therefore readily access both leafl ets of the bilayer. PS may play a role because cholesterol asymmetry is perturbed in cells with low levels of PS, and restored when PS is supplied exogenously, but the basis for this phenomenon is not clear. Remarkably, the conundrum of why cholesterol is positioned in the inner leafl et while it interacts strongly with lipids (SM and PC) that are mainly in the outer leafl et may have a non-intuitive explanation. A recent report suggests that the long hydrocarbon chains of common C24 sphingolipids penetrate into the cytoplasmic monolayer, reducing cholesterol-SM interactions in the outer leafl et and affecting lipid packing in the inner leafl et. Under these perturbations, the most stable distribution of cholesterol corresponds to the majority being localized to the inner leafl et. Thus, C24 SM in the outer leafl et drives cholesterol to the inner leafl et.
Conclusions
Transbilayer lipid asymmetry, fi rst discovered in the plasma membrane of red blood cells, is a general characteristic of cell and organelle membranes and a standard feature of textbook descriptions of biological membranes. It is important for the autonomous function of the cell as well as for cell physiology. In this Primer, we have highlighted the original discovery of lipid asymmetry and also described some of the new quantitative, non-perturbing methods that have been brought to bear to determine asymmetry in both red blood cells and nucleated cells. Three points deserve especial mention in these concluding remarks. First, PS, a critical multifunctional anionic phospholipid, adopts opposing transbilayer distributions in the plasma membrane (cytoplasmic leafl et) and ER (lumenal leafl et), thereby setting up a gradient of charge across the secretory pathway that is important for intracellular protein targeting and function. Exposure of PS at the cell surface is triggered by physiological prompts that activate plasma membrane scramblases. Surface display of PS provides a number of functions depending on the physiological context, including marking apoptotic cells for consumption by phagocytes. The mechanisms by which PS asymmetry is established and dissipated in both the ER and plasma membrane are broadly understood, but their molecular details remain to be learned. Second, there has been an explosion of molecularlevel information about the fl ippases and scramblases that generate, maintain, regulate and dissipate lipid asymmetry. The novel mechanisms by which these proteins move lipids across a membrane bilayer is an important subject for current and future work. Finally, the asymmetric localization of cholesterol to the cytoplasmic leafl et of the plasma membrane is a topic of critical importance. Both the biological signifi cance of this distribution and the mechanism by which it is achieved remain to be understood and represent fertile subjects for future work.
